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ABS1TRACT

The "itre -oorrosion-fatigue" performance of several
hi•r| utrength-alumin•,l• alloys was inventirated by tests or
hydraulic cylinders anct other types of specimens. Specimens
wore nrenAred from forglims and forrring stock of alloys
20111-'T'6, 7075-T6, 7075-T?7, 7079-T6, and X7080--T7 and from
rremium castings nf alloy C1170-T7. The alternatinr internal
rressure loadinr of the cylinders at frequencies between 0.15
and ?0 cnm in corrosive environment included hold times at
load of' as much as 5.4 minutes. Corrosive environment wtvi
nrovided by a warm salt fog at 12 hour intervals.

Alloy 7075-T73 rated best in the corrosion-fatigue
tests; no stress-corrosion cracking occurred in this alloy,
rnnd the lives of forped cylinders subjected to repeated loadings

to 80% of design stress in a corrosive environment were at
least 10 times as long for this alloy as for forged cylinders
of' alloys 2014-T6, 7075-T6, or 7079-T6. Fractographic examina-
tIon showed that stress-corrosion cracking as well as fatigue
crackinr occurred in alloys 2014-T6, 7075-T6, and 7079-T6
in the stress-corrosion-fatigue tests. The investigation
demonstrated that stress corrosion and fatigue can interact
under certain conditions to produce failures in shorter times
and fewer cycles than for either ohenomenon occurring by
itself.
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STRESS-CORROSION AND CORROSION-7ATIOUE
SIJnClPTIBILITY OF HIOH STRENOTH

ALUMINUM ALLOYS

SECTION I

INTRODUCTION

Forred aluminum cylinders used for landing gear,
stabilizers and other aircraft systems are exposed to
varioun combinations of cyclic loading in corrosive environ-
ments. Although these components have performed well in most
applications, some parts have suffered fatigue or stress-
corrosion failures. Such failures have focused attention on
the need for a better understanding of the interaction of
corrosion and fatigue. Corrosion-fatigue tests conducted at
normal machine speeds of 120 to 10,000 cpm do not allow
sufficient time for the corrosion or stress-corrosion action
which may occur in less severe service environments. The
possible interaction of corrosion and fatigue complicates the
problem.

The Air Force Materials Laboratory, in an effort to
establish a better basis for selecting aluminum alloys for
hydraulic cylinders and other aircraft structural components,
sponsored this research program to study the combined effects
of stress-corrosion and corrosion-fatigue under appropriate
loading rates and exposure conditions. Two types of test were
made: (1) fatigue tests of cylinders under internal pressure in
which alloy, temper, method of fabrication, stress, external
environment and frequency were variables, and (2) tests of
coupons taken from cylinder blanks. The latter include
corrosion-fatigue tests and stress-corrosion tests of C-rings,
corrosion-fatigue tests of axial-stress specimens and tensile,
tear and fracture-toughness tests.
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SECTION II

SUMMARY

The corrosion-fatigue and stress-corrosion
performance of several high strength aluminum alloys was
investigated by tests of hydraulic cylinders, C-rings and
axial-stress fatigue specimens. Specimens were prepared from
forgings and forging stock of alloys 2014-T6, 7075-T6, 7075-T73,
7079-T76, and X7080-T7 and also from premium cast alloy CH70-T7.
The primary purpose was to evaluate these alloys and fabrica-
tion processes by tests of cylinders subjected to cyclic
internal pressure in a corrosive environment. A secondary
objective was to determine the extent to which conventional
stress-corrosion and corrosion-fatigue tests of the same
materials would have predicted the "stress-corrosion-fatigue"
susceptibility of the cylinders.

Frequencies of loading for the corrosion-fatigue
tests of the cylinders and C-rings were in the range of 0.15
to 10 cpm. The load cycle included a hold-time at maximum
load to allow time for stress corrosion to occur. These tests
can be regarded as stress-corrosion tests in which the stress
was periodically removed. The corrosive environment was provided
by subjecting the specimens to a warm salt fog at 12-hr intervals.

In general, the investigation demonstrated that stress-
corrosion cracking may occur under cyclic loading, especially
at low frequencies, and that stress-corrosion and fatigue can
interact under certain conditions to produce failures in shorter
times and fewer cycles than for either phenomenon occurring by
itself.

Overall, alloy 7075-T73 gave the best performance.
Stress-corrosion cracking did not occur in any 7075-T73
specimens in the various types of tests, and cylinders of this
alloy subjected to repeated loading to 80% of design stress
in a corrosive environment lasted 10 times as long as any forged
cylinders of 2014-T6, 7075-T6, or 7079-T6. The three latter
alloys developed stress-corrosion cracks in these tests. The
premium cast CH7O-T7 specimens also did not exhibit any stress-
corrosion cracking. In only one test did stress-corrosion
cracking occur in X7080-T7 specimens.
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Electron microscopic examination indicated failures
to be either pure stress corrosion, pure fatigue, one
followed by the other, or mixtures of the two, depending on
the alloy and temper, stress level, rate of cycling, and
conditions of exposure. Mixed mode failures generally started
from stress-corrosion origins; apparently these cracks
propagated by stress corrosion where the grains were favorably
oriented and by fatigue where they were not.

In tests in laboratory air the lowest fatigue
strengths were those of the cast CH7O-T7 cylinders; however, at
the higher stress levels in the corrosion-fatigue tests, the
lives of the cast cylinders were longer than those of the
wrought specimens which failed by stress corrosion. For alloy
7075-T73 and X7080-T7 cylinders tested to 80% of design stress,
the fatigue lives were reduced by half as a result of intro-
ducing a hold time in the fatigue cycle.

The majority of the fatigue and stress-corrosion
failures of the forged cylinders occurred in the region of a
parting plane. However, the rolled rod stock, which does not
contain a parting plane, was only slightly more resistant
to corrosion-fatigue cracking than were the die forgings.

The static stress-corrosion tests of C-rings ranked
the alloys in the sam~e high-low resistance categories as did
the stress-corrosion-fatigue tests of cylinders; but, of
course, they could not predict the fatigue performance of the
alloys. Neither corrosion-fatigue tests of axial-stress
specimens nor corrosion-fatigue tests of C-rings in the same
environments as the cylinders gave results which would have
predicted the performance of the cylinders. Recommendations
are made for improving the C-ring corrosion-fatigue tests.

The crack sizes (fatigue or stress-corrosion cracks)
which were associated with unstable fractures of the cylinders
correlated well with the critical sizes predicted from
fracture-toughness tests.
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SECTION III

MATERIALS

1. Production

a. Rolled rod forging stock, 4-1/2-in. diameter, in alloys
7075, 7079, X7080 and 201 4 . This stock was produced at Alcoa's
Massena Works from 12 x 12-in. or 1 4 x 14-in. cast ingot.
Processing was standard but extra ultrasonic inspection and
metallurgical surveillance was practiced. All of the bloom
stock met contact ultrasonic inspection standards, in addition
35% of the 4-I/2-in. diameter stock was inspected to Class A,
ASNT standards. No discontinuities were detected.

b. Die forgings made at Alcoa's Cleveland Works from a
portion of the 4-1/2-in. diameter stock described above. The
shape selected (Fig. la) is a commercial die forging, normally
made from 4-1/2-in. diameter stock. Its dimensions are such
that the desired cylinder blanks (Fig. lb) could be obtained
with a minimum removal of parting-plane structure. The die
forgings were ultrasonically inspected at Cleveland and found
to meet standards for aircraft forgings.

c. Premium strength cast cylinder blanks (Fig. lb) of
alloy CH70, an alloy similar to K01 and X201.0. These were
made and heat treated at Alcoa's Cleveland Research Foundry.

The die forgings and rolled forging stock were
machined to cylinder blanks, 2.3 in. I.D. by 4.08 in. O.D. by
18-in. (Fig. lb) at Alcoa's New Kensington Works. These were
heat treated and aged at the Alcoa Research Laboratories to
the specified tempers in accordance with recommended practices.

2. Tensile. Tear and Fracture Properties

Longitudinal and transverse tensile, tear and fracture
toughness specimens were taken from cylinder blanks; the
transverse specimens were taken both across and 900 from the
parting line. The tensile and fracture toughness specimens were
prepared and tested in accordance with ASTM Standard Methods
E81#and E3992, respectively. The tear specimens were tested au
described in reference 3. The tear and fracture toughness
specimens are shown in Figs. 2 - 4.

*Numbers refer to references at end of report.
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Table I lists the results of the tensile-property
survey made on the test materials. All alloys and products
met the minimum property levels.

The most significant criteria of toughness from the
tear (Table II) and fracture-toughness (Tables III and IV
for notch-bend and compact tension specimens, respectively)
tests are the ratios of tear strength to tensile yield
strenrth, the unit propagation energies, and the critical
plane-strain stress-intensity factors, K Clear comparisons
of the various alloys, tempers and produ;s on the basis of
some of these parameters are made difficult by two factors:
First, many of the tear specimens taken from the longitudinal
alrection did not crack straight across the specimen (see
Fig-. 5), so that useful values of the unit propagation energies
were not obtained in these cases. Second, because of the
limitations imposed on the thickness and fatigue cracking of
the fracture-toughness specimens, many of the values of K
obtained were not technically valid values of K . Candidate
values of K are designated K , in accordance •th ASTM
standard meisods, and their validity checked before they are
designated to be equal to Kic.

However, broad comparisons among the various alloys,
tempers and products can still be made by utilizing all the
data together, and recognizing that some of the fracture
toughness data, though not technical2y valid, provide a
reasonable estimate of the true K . In the latter regard,
those data from specimens which:(• were fatigue cracked at
stress Intensities slightly higher than the present limit, i.e.,
at K between 60 and 75% of K ; or (b) contained a crack
slightly longer than the presiRt limit were considered to be
meaningful values of K , and are so designated in the tables.
These values were consi8ered together with the entirely valid
data in appraising the toughness of the materials. For those
te:sts from which the data were clearly invalid, it was
considered that it was probable (though not certain) that the
true value of K was higher than the calculated K . The
summary listing 8f K values in Table V was developed upon
these bases, and was'sed along with the tear test data in
developing general ratings of the toughness of various alloys
and products.

Of the materials tested the 7075-T73 and X7080-T7
samples, particularly the lower strength rolled rod samples,
had the highest toughness of the group. There was not much
difference, however, between the toughness of the die forgings
of these materials (which had relatively high tensile yield
strengths) and the toughness of the 7075-T6 and 7079-T6 samples,
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particularly in the transverse direction. Alloy 2014-T6 rated
lowest in all test directions for both rolled rod and die
forgings. The cast CH70-T7 samples showed less directionality
than the other materials. In the longitudinal direction, alloy
CH70-T7 rated about on a par with alloy 7075-T6, but in the
transverse direction it had higher toughness than any of the other
samples.

With regard to test direction, all the wrought alloys
had higher toughness in the longitudinal direction than in the
transverse direction. For the die forgings, the toughness-in
the transverse direction across the parting plane was generally
lower than that away from the parting plane (X7080-T7 was an
apparent exception); the rolled rod thus has an advantage in not
having this lower-toughness zone.

The specific use of some of the fracture-toughness
data in analyzing the conditions under which fracture took
place at the conclusion of the fatigue tests is presented in
Section VI-9.
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SECTION IV

SPECIMENS

1. Preparation

The investigation was concerned primarily with tests
of two types of specimens taken from the 18-in. long cylinder
blanks: (1) cylinders of the dimensions shown in Fig. 6, and
(2) C-rings of comparable test section dimensions as shown
in Fig. 7. The dimensions of the die forged and cast cylinders,
shown in Fig. 6 and Table VI, were proportioned so that an
internal pressure of 8000 psi would produce maximum stresses
equal to 80% of the allowable design stresses, which are defined
as being 2/3 of the minimum transverse tensile strengths. The
cylinders from rolled stock were made to the same dimensions as
those from the forgings of the same alloy.

All machined cylinders were subjected to ultrasonic
inspection and met the requirements for Class A - ASNT Standards
for wrought aluminum products. Inspections by fluorescent
penetrants did not show any significant surface defects.

A C-ring specimen (Fig. 7) for corrosion-fatigue tests
was cut from the end of each blank from which a cylinder was
machined. The same specimen number was used for the two types
of specimens from a blank. Similar specimens for stress-corrosion
tests were cut from other cylinder blanks. In the case of the
die forgings, the C-rings were oriented so that the parting plane
coincided with the section of maximum bending.

2. Residual Quenching Stresses

Residual stresses were investigated in cylinders of
7075-T73, 7075-T6 and X7080-T7, whose quench water temperatures
were approximately 70F, 150F and 212F, respectively. Three
bonded resistance strain gages, each having elements in the
circumferential and axial directions, were located 120 deg.
apart around the circumference of each specimen. A 3-in. length
of cylinder, containing the gages at midlength, was isolated
from the specimen. This section was bored out in stages and the
relaxed strains at the outer surface measured after each removal.
The corresponding residual stresses were determined by the
Sach'a boring-out method .
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Figure 8 shows the distribution of circumferential
and axial residual stress determined for the three specimens.
As expected, the lower the temperature of the quench water,
the higher the residual stresses. The stress gradients, all
varying from tension in the interior to compression on the
exterior, indicate that the bore surface was quenched less
rapidly than the exterior. Residual stresses of these
magnitudes (circumferential stresses of 1-4 ksi tension on the
inside and 1-4 ksi compression on the outside) should have
only a minor effect on fatigue performance.
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SECTION V

PRHOCEDURE S

1. Axial-Stress Fatigue and Corrosion-Fatigue Tests

A common short-time method of evaluating relations
between fatigue and corrosion is to determine conventional
S-N curves, without corrosion, and then to repeat the fatigue
tests in a corrosive environment. Specimens for these tests,
shown in Fig. 9, were of such a size as to be limited to the
longitudinal direction of the cylinder blanks. The fatigue
tests were made in ambient air. In the corrosioni-fatigue
tests the specimens were continuously immersed in an acidic
(pH 0.8) salt-dichromate solution containing 30 g/l potassium
dichromate, 36 g/l chromic acid, and 3 g/l sodium chloride.
This electrolyte was selected because it causes rapid inter-
granular attack of alloys or tempere susceptible to this form
of corrosion without causing appreciable general surface
corrosion. The 5 kip Krouse fatigue testing machines utilized
for these tests operate at a speed of 1100 cpm.

2. Cylinder Fatigue Tests

New equipment and procedures were designed for the
cylinder corrosion-fatigue tests. The cylinders were closed at
the ends with threaded aluminum caps fitted with 0-ring seals.

* As is indicated in Fig. 10 they were enclosed in chambers so
that the exterior surfaces were in a controlled atmospheric
environment, with or withou~t the addition of corrosive media.
The test chambers were mounted on racks as shown in Figs. 11
and 12. Provision was made in the racks for 39 specimens.

Internal hydraulic pressure was provided by an MTS
closied-loop, electro-hydraulic loading system coupl~ed to a
10,000 psi capacity pressure intensifier. The pressure f'luid
was oil with a corrosion inhibitor added (MIL Spec. 052-600-0605).
Fressures in the system were monitored by a fluid pressure
t~ransducer in the line supplying the specimens. The pressurization
s,;stem shut down by the loss of oil when a specimen failed.

In order to check the reliability of the cylinder-
fatigue-test procedure, a static pressure-strain survey was made
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on one specimen. The results, Pt., 13, showed good agreement
between measured and calculated hoop tensions at the center
of the cylinder over the full 8000 psl range of test pressures,
Both circumferential and longitudinal stresses at the end of
the cylindrical test seution were greater than calculated,
indicating a small stress concentration,

The fluctuating pressures for the fatigue tests are
controlled by a calibrated pressure cell located at the
intensifier. For the sinueoidal loadings the pressures were
applied at the maximum rate at which good correlation could be
maintained between the measured stresses In a cylinder located
near the end of the line, the pressure cell reading at the end
of the line and the presaure cell at the intensifier,

The volume of each cylinder was about ?8 ou In. Sixty
cubic inches of this were taken up by a piece of aluminum rod,
2-1/4 in. diameter by 15-1/2 in, long, placed in the cylinder
cavity. This was done to reduce the required volume of hydraulic
fluid.

Air, at a humidity controlled generally to 50 +SS,was
circulated through the test chambersa control was accomprished
using an Aminco Unit. It was desired to control metal temperatures
to 85F to ensure condensation of the salt to&. However, cylinder
temperatures were influenced by room temperature and speed of
pressurizing, so that the metal temperature varied from 85 to
11OF. Temperature variation in this range was believed not to
have a major effect on the teat results.

a. Stmulated deacoast Enlironinent

The simulated seacoast environment wms provided by
fogging the test chambers at 12-hour intervals with a warm salt
fog. For one minute the test chambers were sprayed with a 115F
solution of 5% sodium chloride (NaCl) in deionized water
buffered to a pH range of 4-5. Air valves on the inlets closed
the chambers off during the salt fog and during a subsequent
seven-minute period of draining and purging. For the remainder
of the 12-hour period, conditioned air, at a humidity of 50 +%,
was circulated through the chamber.

b. Loading of Cylinders Tested in Simulated Seacoast
Environment

To allow time for corrosive action to occur, the pressures
in the simulated seacoast environment were cycled at a frequency
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uoh that, tot% moat al ,'A, It would require nix months or
or to accumulate the niumber of loadinRs which produced
ratiowe failure in the tents In laboratory air% The pressure
was held at maximum for 80 of the period and then cycled,
u.ing a gitn* type curve, to minimum and bnak to maximum, Par
oxampleI the hold time was 5,4 minutes per cycle for the
tenot to ROO of dad1gn otreon. Theme tents could also be
conoldrted to be Interruptod atress-corroaion toests,

3, Cyi~nger. trold-2groglon TeWO

A limited inveatigation wan made of the stress-corroaion
cracking characterintioi or cylinders under constant internal
pressure, Duplicate speutmena of 7075-T6 and ?075-T73 were
placed tn test chambers at the same time as the corrosiaon-
fatigue teats, but the hydraulic pressure was held constant
at 8000 psi by means of cheak valves,

4, C-Rjng Pa~titue Tests

Figures 14 and 15 show the apparatus developed to
conduct these tests. Provision was made for testing 36 specimens
at one time, The rings were loaded to produce maximum tensile
stresses on the inside surface equal to the interior hoop tensions
applied to the cylinders. 8ending atress-deflection relations
were determined for typical C-rings and these were used as a
basis for the machine loadings.

The moving parts of the mechanibm are actuated by
small automobile brake cylinders. Oil presoure moves each
piston and the attached yokes as far as the preset stops will
permit. In this way C-rings, attached to the moving yoke are
strained to the desired level. A small preload Is maintained
on the C-ring by a spring and when a ring cracks the resulting
drop in preload trips a timer, indicating the time to failure.

Figure 16 shows relations between C-ring deflection
and bending stresses on the section of maximum moment. The
interesting point to be noted is that the circumferential tension
at midwidth in 15 to 20% higher than at the edges of the specimen.
Although not indicated in the figure, the stress distribution is
reversed on the outside surface of the C-ring, with the edge
stresses being higher. This situation, not covered by the usual
stress and deflection formulas, results from restr:Aint of trans-
verse bow, Since the average measured bending stresses in Fig. 16
are in fair agreement with calculated values for a given ring
deflection, this relationship was adopted for loading the C-rings
for all flexural fatigue and stress-corrosion tests. This means
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that the midwidth stresses were highor, and the edge stresses
allihtly lower, than the computed stresses,

The tests in conditioned air, without salt-tog
injections, were made as rapidly as equipment permitted.
Under corrosive conditions, however, the cycle times were
incr'eased by the use of hold times as in the cylinder tests.

The C-ring testa differed from the cylinder tests in
thre* important respectsi (1) The test surface of the C-ring
was 1/4 in, from the original forged surface while that of the
cylinder was about 1/2 in, from this surface; oonsequently,
the C-ring had a more pronounced parting plane structure;.
(2) The C-rings were stressed by constant deformation and
the cylinders were xtreesed by constant load (pressure); thus,
in the C-rinp test the load tends to relax as cracks propagate
through the thickness, resulting in longer lives; and (3) In
the cylinder tests, the simulated seacoast environment was
fairly uniform in the various tent chambers; however, in the
C-ring tests the concentration of 3alt deposits varied along
the length of the chamber, and was fairly light on specimens
remote from the nozzles. This latter behavior probably
accounted for some of the scatter-in C-ring test results,
since triplicate C-ring specimens from a given alloy and product
were positioned at different locations relative to the iiocale.

SC-Ring Stress-Corrosion Tests

Because the C-ring is a standard atress-oorrosion test
specimen appropriate for cylinder parts, tests of this type were
made on all alloys and products. The purpose of these tests was
to establish the stress-corrosion resistance of the test
materials and to investigate possible correlations betwc .•ress-
corrosion and corrosion-fatigue behavior. The C-rings were of
the same size as used in the fatigue tests. They were stressed
statically by means of threaded studs located on the C-ring
diameter. Expansion of the diameter induced tensile stresses
on the inner surface, as in the corrosion-fatigue tests. C-rings
were stressed to 80, 55, and 30% of the design stresses for the
different alloyi.

The following exposures were used in the C-ring stress-
corrosion tests:

1. Simulated seacoast environment as described in
Section V.2.a. The lower two chambers on the rack of the C-ring
fatigue apparatus shown in Fig. 15 were used for this purpose.
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2. Seacoast atmosphere at Alcoa's exposure station
at Point Judith, Rhode Island. The Point Judith facilities,
facing south into the Atlantic Ocean, are located 300 feet
from the water's edge on a rocky beach, a few feet above sea
level. Specimens face the ocean but are tilted 450 upward.
The specimens are inspected periodically for failures.

3. Alternate immersion in a 3.5% NaCI solution,
which is the most widely used test for many aluminum alloys
and therefore established a common reference datum. These
tests employed a 3.5% by weight NaCI solution made from reagent
grade salt and distilled water. The salt concentration was
maintained by frequent additions of water to compensate for
loss of water by evaporation. The pH was maintained within a
range of 6.7 to 7.4.

The alternate-immersion cycle consisted of total
immersion of the specimens for 10 minutes each hour. For the
remaining 50 minutes per hour the specimens air dried at 75 to
80F and 45 to 50% relative humidity. The specimens were tested
for the standard exposure period of 84 days. They were inspected
daily for failure.
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SECTION VI

TEST RESULTS

1. Fatigue and Corrosion-Fatigue Tests of Axial-Stress Specimens

The results of the fatigue tests of 1/8-in, thick,
longitudinal, axial-stress specimens are presented in Table VII
and Figs. 17 to 22. For reference, a scatter band reported for
axial-stress fatigue testss of round specimens for the strongest
alloy, 7075-T6, is shown on each plot. Also, the average S-N
curve from Fig. 17 for 7075-T6 specimens tested in the acidic
salt-dichromate solution is shown on the plots for the other alloys.
For each of the wrought alloys the results for the specimens
tested in air tend to cluster about the lower bound of the scatter
band. This is reasonable since it is common for rectangular
specimens to give lower results than round specimens in the range
of 105 to 106 cycles. The results for the rolled rod and forged
specimens of the five alloys are equivalent. For lives beyond
l0o cycles the fatigue strengths of the cast CH70-T7 specimens
are half or less than the strengths of the wrought products.

Testing these specimens in the acidic salt-dichromate
solution dropped the fatigue strength of the wrought products by
50% or more. In this medium there is little difference between
the results for the sand castings and the wrought materials.
However, there does appear to be some advantage for alloys
7079-T6 and X7080-T7.

2. Fatigue Tests of Cylinders in Air

The results of the fatigue tests of cylinders tested
in laboratory atmosphere with controlled humidity are listed in
Tables VIII to XIII and plotted in Fig. 23. Clearly, the cast
cylinders had the lowest fatigue strengths. There is substantial
overlap of the lives obtained for the wrought cylinders stressed
to 80% of design stress, but alloys 2014-T6 and 7075-T73 showed
some advantage.

The maximum test pressure in the wrought cylinders
which did not fail in six million cycles to 3,000 psi (30% of
design stress) was increased to 5,000 psi; and for those cylinders
which did not fail in eight million cycles to that pressure, the
pressure was increased to 6,500 psi. To determine if the prior
stressing affected the life, one of the 7075-T6 and one of the
7075-T73 cylinders, having such a history, were tested to failure
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at 8,000 psi. The lives of these specimens were greater than
those of virgin specimens of these alloys tested at 8,000 psi.
Obviously, the prior life was not detrimental. For the lower
test pressures alloy 7079-T6 had the shortest lives and 7075-T73
the longest.

If the above comparisons were made on the basis of
maximum net stress, as on a normal stress-cycle plot, the evaluation
would be altered somewhat. Because the sand cast specimens were
the lowest stressed, the advantage of the wrought products would
be greater. The advantage of alloy 7075-T73 would be reduced
since it was the lowest stressed of the wrought alloys.

3. Static Stress-Corrosion Tests of Cylinders

The two 7075-T6 cylinders subjected to hydrostatic
pressures of 8,000 psi (80% of design) failed by stress corrosion
after 7 and 8 days' exposure to the simulated seacoast environment.
One of these failures is pictured in Fig. 24a. Neither of the
7075-T73 cylinders failed in 15 months. Thus, these tests confirm
that alloy 7075-T73 is highly resistant to stress corrosion.

4. Stress-Corrosion-Fatigue Tests of Cylinders in Simulated
Seacoast Environment

As is listed in Tables VIII to XIII, both stress-
corrosion and fatigue failures occurred in the cylinders subjected
to repeated loading in the simulated seacoast environment. The
lives for the various alloys are compared in Tables XIV and XV
and in Fig. 25. For alloys 7079-T6, 2014-T6 and 7075-T6,
failures occurred by stress-corrosion cracking at a pressure of
8,000 psi after fewer than 1/10 as many loadings as required to
cause fatigue failures in the tests in air. Thus, their lives
were much shorter than those of alloys 7075-T73, X7080-T7 and
CH70-T7 which failed by fatigue. The longest lives were for
alloy 7075-T73.

The fatigue lives of the 7075-T73 and X7080-T7 cylinders
pressurized to 80% of design stress in the simulated seacoast
environment are about half the lives of specimens tested in air.
Because the failures of these specimens initiated on the inside
surface, the difference is obviously not a result of the salt spray.
Apparently, it is a result of the 5.4 min. hold time in the load
cycle. The fact that the one 7075-T73 cylinder pressurized along
with those being sprayed, but not itself sprayed, had a life only
slightly longer than those being sprayed adds credence to this
conclusion. The hold times did not reduce the lives of the cast
cylinders. Many of the specimens subjected to the hold time at
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80% of design stress had multiple fatigue origins, whereas only
a single origin was visible in the fracture surfaces of the
wrought specimens subjected to the uninterrupted sinusoidal
loadings.

Two of the '075-T6 forged cylinders pressurized to
50% of design stress failed at a life less than 1% of that
at which the sinusoidal tests were stopped without any failure
of the 7075 specimens. The lives of most of the X7080-T7 cylinders
were also surprisingly short. Because the failures of these
short-lived specimens initiated on an inside surface, the short
lives must be a result of the load cycle rather than corrosion.
However, stress-corrosion cracking did occur in all three
cylinders from 2014-T6 forgings and in two of the 7079-T6
cylinders from rolled rod. At the longer lives, most of the
fatigue failures initiated externally at corrosion pits. Four
of six 7075-T73 cylinders survived 1,000,000 or more pressuriza-
tions to this stress level; only one other specimen, a 2014-T6
cylinder of rolled rod stock, survived this many loadings.

Overall, the best cylinder performance in the
corrosion-fatigue, as well as air-fatigue tests, was obtained
with alloy 7075-T73. Second rating should probably go to alloy
X7080-T7 because it was more resistant to stress-corrosion
than alloys 2014-T6, 7075-T6 and 7079-T6. The cast alloy would
rate ahead of alloys 7079-T6 and 7075-T6 in the corrosion-fatigue
tests.

The parting plane of the forgings was a common location
of failure of the cylinders. Eighteen of 29 failures of the
forged specimens tested in laboratory air initiated in a parting
plane. For the forgings tested in the simulated seacoast
environment, the corrosion fatigue or stress-corrosion origins
were usually in a parting plane. Some of the specimens had many
stress-corrosion cracks in the region of the parting plane.
However, the rolled rod stock, which does not contain a parting
plane, was only slightly more resistant to stress-corrosion
cracking than were the die forgings.

5. Fatigue Tests of C-Rings in Air

The results of the C-ring tests in laboratory air
(50 +5% humidity) are listed in Tables XVI to XXI and plotted
in Frg. 26. As for the cylinders, the CH70-T7 rings were the
only ones to fail at a stress of 30% of design stress; however,
at 80% of design stress the cast C-rings had lives as long as
most of the wrought specimens. Generally, the results of the
C-rings do not correspond very well with those of the cylinders.
Typically the lives of the C-rings were on the order of ten
times those of the cylinders though this ratio varied substantially
for different alloys. The X7080-T7 C-rings stressed to 80% of
design stress had extraordinarily long lives. However, shorter
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lives were obtained at a stress of 65% of design stress for two
specimens which had previously been stressed to 30 and 50% of
design stress. An X7080-T7 specimen subjected to the same lower
stresses had a short life when stressed to 80% of design stress.
The life of a 7075-T73 specimen having a similar load history was
within the wide scatter of specimens stressed only to 80% of
design stress.

At stresses of 65% of design stress the large scatter
in the lives for 7079-T6 and X7080-T7 rings encompasses the
relatively short lives of alloy 2014-T6 and the longer lives of
alloy 7075-T73.

6. C-Ring Stress-Corrosion Tests

The results of the stress-corrosion tests of static-
loaded C-rings are given in Tables XXII to XXIV. A comparison
of the stress levels resulting in failures is made in Fig. 27
for the die forgings and the casting and in Fig. 28 for the
rolled rod stock.

Because the C-ring specimens were stressed in bending
to a constant deflection, it was possible that the occurrence
of many tiny cracks would cause sufficient stress relaxation
to prevent obvious, visible cracking. Consequently, specimens
that did not show visible cracks were examined metallographically
to determine whether or not they contained minute cracks. Examples
where metallcgraphic examination revealed minute stress-corrosion
cracks are shown in Figs. 29 - 31.

These tests are significant from two aspects:

(1) they establish the resistance to stress-corrosion
cracking of the actual lots of material involved in the contract;
and

(2) they put the special environment developed for the
corrosion-fatigue tests in perspective with an actual seacoast
exposure and with a well known accelerated test medium.

a. Stress-Corrosion Resistance of Contract Materials

The results obtained in all three environments are in
good agreement with prior experience on the products and alloys
involved.
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Perhaps the obvious observation is that, for
susceptible alloys and tempers, the short-transverse grain
structure in the parting plane of die forgings is more critical
than is the less directional, transverse grain structure in
the rolled rod. This is indicated to some extent by failure
times in alternate immersion (Table XXII) but is more apparent
from the levels of stress causing failures in the other two
environments (compare Figs. 27 and 28).

As expected, alloys 7075-T73 and CH70-T7 were the
most resistant to stress-corrosion cracking; even at the highest
stress no failures occurred in any environment. The next most
resistant alloy was X7080-T7 for which the only failures were
die forged specimens at the 80% stress level (34.6 ksi) in the
simulated seacoast environment (Fig. 27). It should be pointed
out that the alternate immersion test is not the most discriminat-
ing stress-corrosion cracking test for alloy X7080 and that three
to five years of atmospheric exposure are required to define
susceptibility to stress-corrosion cracking with reasonable
confidence.

The other three alloys, 2014-T6, 7075-T6 and 7079-T6,
were susceptible at all stress levels in the alternate immersion
test arid at the high stresses in the other two environments.
In the simulated and actual seacoast environments 2014-T6 was
slightly more resistant than the other two alloys.

b. Simulylat qacoast Environment

The intent o," the special acidic-salt spray environment
was to simulate, under reproducible laboratory conditions, exposure
to seacoast atmosphere, which is one of the most potent stress-
corrosion cdcking media of commonly encountered, natural environ-
ments. If successful, such a test medium has the advantage of:
(a) permitting frequent inspection of the specimens; and (b)
eliminating seasonal climatic variations.

The stress-corrosion cracking data on the static-loaded
C-rings (Tables XXII to XXIV and Figs. 27 and 28) show good
agreement between the stress levels at which failure occurred in
the simulated and natural seacoast environments; both of these
environments were somewhat less severe than alternate immersion.
It was hoped that the simulated environment would be somewhat
accelerated over the natural atmosphere. Unfortunately, the
inspection periods at the Point Judith station were not frequent
enough to provide a precise comparison. The ranges in failure
times available, however, show appreciably quicker failures
in the simulated environment only for the 7075-T6 and 7079-T6
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die forged specimens at the 80 and 55% stress levels and the
X7080-T7 and 20 1 4-T6 die forgings at the 80% stress. For all
other cases, either no failure has occurred or failure times
are similar.

It was hoped that the stress-corrosion cracking
failure times in the simulated environment would be such that
there would be opportunity for both stress-corrosion and
corrosion-fatigue mechanisms of failure to be operative at
the particular loading cycles employed in the corrosion fatigue
tests. However, because stress-corrosion cracking failure
times vary with both applied stress and alloy, this objective
cannot be attained without adjustment of the loading cycle for
individual alloy and stress conditions.

As shown by Fig. 32, the depth and extent of general
pitting attack in the simulated environment was similar to
that in seacoast atmosphere. In both these media numerous
shallow pits developed that resulted in a general roughened
or "weathered" surface condition. In contrast, the alternate
immersion test caused deeper and discrete sites of attack.

7. Stress-Corrosion-Fatigue Tests of C-Rings in Simulated
Seacoast Environment

The results of the fatigue tests of C-rings in the
simulated seacoast environment are included in Tables XVI to
XXI and summarized in Tables XXV and XXVI. Alloy 7079-T6
C-rings had the shortest lives at a stress of 80% of design
stress. The lives of the other alloys overlapped, with the
7075-T73 specimens tending to have the longest lives. The
lives of the CH70-T7 C-rings were longer than most of the
C-rings from the forgings and rolled rods. Generally, the
C-rings from the forgings had shorter lives than those of the
rod. The fact that most of the failures occurred in the
midwidth of the C-rings is consistent with the stress being
higher there than at the edges.

The reduction in life was less for the C-rings stressed
to 50% of design stress than for any of the other tests in the
salt spray. This is probably due to the fact that the hold time
(4.8 sec) was least for these tests. The lives of two of the
forged 7075-T6 specimens were within the scatter of results for
the specimens tested in laboratory air. The lives of the cast
specimens were shorter than those of all but two wrought specimens.
Alloys 7079-T6 and 7075-T6 would rate lowest of the wrought alloys
in these tests.
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8. Comparison of Stress-Corrosion Tests

Table XXVII compares the time Lo produce stress-
corrosion failure in several types of tests. For the rolled
rod specimens, and to a lesser degree for the forged specimens,
the times required to produce failure in the corrosion-fatigue
tests of C-rings were generally less than those of the statically
loaded C-rings tested in the same environment.

Figure 33 is an interaction diagram, which compares
the stress-corrosion, corrosion-fatigue, and fatigue results
for the 7075-T6 and 7075-T73 cylinders pressurized to 80% of
design stress. The points on the horizontal line are the
results of fatigue tests in laboratory air, which were run at
20 cpm; the diagonal line is for the stress-corrosion-fatigue
tests in the simulated seacoast environment, and the vertical
line shows the results of static stress-corrosion tests in the
simulated seacoast environment. The advantage of alloy 7075-T73
in the simulated seacoast environment is obvious. As was
discussed previously, the 7075-T73 cylinders tested at 0.15 cpm
failed from the interior surface so the reduction in life for
these specimens was apparently a result of the hold time in the
cycle.

Figure 34a shows a similar plot for the 7075-T6 C-rings
and cylinders. The fatigue lives obtained for the cylinders and
C-rings tested in laboratory air overlap but in the stress-
corrosion tests the C-rings lasted several times as long as the
cylinders. Surprisingly, the 7075-T6 C-rings tested at 1.5 cpm
in corrosive environment did not suffer any reduction in fatigue
life. More typical behavior is shown in Fig. 34b for 7079-T6
C-rings and cylinders.

As noted on Fig. 34a and 34b, a 7075-T6 C-ring and a
"7079-T6 C-ring that were inspected after failure showed evidence
of both stress-corrosion and fatigue, whereas the cylinders that
were likewise inspected gave evidence only of stress corrosion.
This difference is consistent with the different rates of loading
used, as reflected by the location on the chart of the lines
corresponding to the cylinder and C-ring tests. For a given
time of exposure, the cylinders were not subjected to as many
fatigue cycles.

There are other differences between the cylinder and
C-ring test conditions which may account for the lack of
correlation In the test results. For one thinR, as mentioned
previously, the cylinders were tested under constant load while
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the C-ring test was a constant deformation-type test, so that
the load (stress) relaxed as a crack propagated through the
thickness. In addition, the state of stress was not the same
in the two tests: in the cylinder the ratio of hoop to
longitudinal stress was 2:1; while in the C-ring the hoop stress
was about 6 times the transverse stress. Also, the entire
periphery of the cylinder was stressed uniformly while only a
small area of the C-ring was stressed to the maximum level. This
is believed to be significant because salt buildup occurred
predominantly on upward surfaces and the region of maximum stress
in the C-rings was in the vertical plane. Finally, the salt
buildup was not uniform in the C-ring test chambers. A
modification of the C-ring equipment to provide more uniform wetting
of the specimens would be desirable.

9. Fracture-Mechanics Analysis of Cylinders

Of the 102 cylinders subjected to cyclic loading in
various environments, complete fractures of the entire 8-in.
length of test section were obtained in 71. In these a fatigue
or stress-corrosion crack, or a combination of the two grew in
size to the point where unstable crack growth resulted in fracture.
Table XXVIII shows the shape and measured principal dimensions
of the cracks in specimens tested in air. This type of data,
together with the average hoop tensions producing failure and the
average transverse values of K from Table V, were used to
analyze those fractures which i8ok place by unstable crack growth.

The fracture-mechanics analysis was made using the
procedures described in Ref. 6. The stress intensity at fracture,
K if was calculated from the relationship

Kif - (1.1) 1/7T a7/a- ()

where a - average (through-the-thickness) gross-section
circumferential stress in the cylinder wall at
maximum pressure, ksi

a - maximum depth of part-through crack at in-
stability, in.

Q * - 0.212( as')

a- complete eliptical integral of the second kind
in which a/2c is the argument
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CYS w tensile yield strength, kal

2a n maximum length of part-through crack, in,

By assuming that K should be equal to the known vals of K",
the fracture conditions can be predicted for a partioular er&Bk
size or operating stress, as either:

1 K~

K1a • -Q I/,(3)

(1.21w a/Q)

The calculations were based on the assumption that the
analysis of part-through cracks under plane-strain conditions
was appropriate. It is recognised that the analynin is not
strictly applicable in many cases because the depth of the arack
exceeded one-half the wall thickness3 where this occurred, the
ligament between the crack tip and the opposite wall was probably
too thin to maintain plane-atrain conditions, hence, some type
of mixed mode or plane-stress failure would be expected. Another
simplification was the use of the average stress on the walllit
is recognized that the circumferential stresses were not uniform
through the wall thickness and, in fact, stresses at the Inner
surface may have been as much as 30 per cent greater than those
at the exterior surface. Finally, no correction factors were
applied to compensate for other geometrical effects (i.e.,
bending curvature, or multiple cracks). These simplifications
are controversial to some extent, so the raw data for the wrought
alloys are included in Table XXIX.

The results of the analyses are shown in Table XXIX.
In general, the values of stress intensity at fracture, K ,
agreed reasonably well with the K10 values, independent oifthe
nature of the cracks. Average K1 f values ranged from 14 per cent
below to 14 per cent above the K1 values, with individual values
from 28 per cent below to 31 per 8 ent above K . While the KXif
values were about evenly split above and beloicthe K values,
there was a trend for the K-f value to be below K *en the
cyclic stress was relativeli low, and above K c wAln the cyclic
stress was relatively high.

Overall, these computationr indicate that the fracture-
mechanics analysis does a fair Job of analyzing the conditions
under which fractures developed in these cylinders, particularly
when one considers that prior to the advent of fracture mechanics
there was no analytical way to make such calculations. The
differences observed may be related as much to problems in
measuring KIC accurately' as to shortcomings of the analysis.
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An Additional point to be made io the fact that no
unstable fractures developed for 07?O-T?0 the ally• with the
hiphest indicated transverse fracture toughness (K * 33 kal, M.)i
Instead failures were by leakage from through cradli The
computed stress Intensities, k,, for some or these cracks were
about 30 ksi/T-?, Thus the 6allthat no unstable fractures developed
Is further support tar the usefulness of K to judge whether
fracture would be expected by leakage or ultab••le fracture.

10. NtetalloranhO Ixamilnat•iona

Netallographic examinations of selected &amlawr
madol (1) to det"~Iine the type of falluraj (2) to ~aracttrise
the various fracture modeaj anA (3) to cotermine the degree of
interaction between fatirue an* corrosion as represented by the
features of rretture surfaces. This work Involved visual
examinatior , light micrascope examinations of se•tions polished
and etat jy conventional procedures, transmission electron
microscope (TIM) examinations using the standard oxide replica
technique, and direct examination of fracture surfaces with the
Poanning electron microscope (SIM). Examinations were concerned
primarily with cylinder and O-ring specimens exposed to the
simulated seacoant environment. Some examinations were made
of cylinder specimens fatigued in air, and special comparisons
were made to determine the effects on fracture aprearance of
apoaimen lire in the corrosion-fatigue test.

a. Cylinders Uxposed to Simulated Seacoast Environment

The group of specimens selected for examination consisted
primarily of corrosion-fatigue specimens from 9orginfs and rod of
?079-T6, ?075-T6 and 2014-T5 alloys forged X?080-T? and cast
CH7O-T?. Fractures, extending the iull length of tlif test section,
occurred after only a small portion of the cross sectional arteahad been penetrated (Fig. P4). With 7079-76 cylinders, failures
initiated on the outer surface and resulted from the development
of a single crack (Fig. 38). There was a gradual transition from
the cracked region (slow fracture) to the region of ra id tension
failure (fast tracture) (Pig, 39). In 2014-T6 and 707 -76
cylinders, in whiah fracture also initiated on the outer surfase,
the fracture surface Included many cracks, and the areas of slow and
fast fracture could be readily distinpulshed (Fig, 40), With these
two alloys, there were also many small auxiliary cracks adjacent
and parnllel to the main fracture (Figs. 4l and 42). Fractures
In the X?080-T7 and CMO-T? samples Initiated on the inner surface
of the cylinders and appoared similar to those shown in Figs. 37
and 3.

Light microscope examinations were made as an aid In
establishing the fracture type in cylinders from 70?9-T6, 7075-T6
and 2014-T6 forging.. Little Information could be gained from
cross sections of the fracture surface and, snine the 7079-T6
spocimens had no auxiliary cracks, the failure of 7079-T6 oould
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not be diagnosed by this means. Wttft the 2014-T6 and 7075-T6
cylinders, however, sections of auxiliary craaks Indicated the
fracture mode. Zn both 20l4-T6 and ?O75-T6 specimens auxiliary
cracks followed an intergranular and int.)rfragmentary path and
had no tranesranular segments which would suggest fatigue
cracking (Figs, t 43 and 44), In addltion, the auxiliary cracks
followed the directionality at the miorostructure which was at
a nonsiderable angle to the direction of maximum stress. Then*
features are strong indication that the failures were primarily
the reault of stress corrosion,

Examinations we,,e also made of sections of the
auxiliary cracks In the 7075-T6 cylinders stressed under constant
presoure and exposed to the simulat-ed seacoast environment
(stress-corrosion test), These cracks also developed along
Intergranular and interfragmentary paths and followed the
directionality of the microstructure (Fig, 45), The similarity
between these cracks and those in the corrosion-fatigue cylinders
indicated that failures In the corrosion-fatigue test were
primarily the result or stress corrosion rather than fatigue,

Light microscope examinations were also made of cross
sections or auxiliary cracks in cylinder specimens from 7075-T6
and 2014-T6 rod (there were no auxiliary cracks in 7079-T6
specimens), All cracks followed intergranular or interfragmentary
paths (Pig. 46), While the crack path was the same in spenimens
from forgings and rod, crack propagation was more difficult in
the rod material because the pronounced microstructural
directionality of the forCaing was absent, This accounts for the
longer lives encountered with specimens from rod when the
failure mode was stress-corrosion cracking,

In addition to the visual and light microscope
examinations, fracture surfaces in the slow-fracture region were
examined with the scanning electron microscope (39M). In cylinder
apecimens from forgings and rod of 7079-T6, 7075-T6 and 2014-T6
from the corrosion-fatigue tests and of forged 7075-T6 from the
stress-aorroaion test, all fractures had a faceted appearance
characteriatic of stress corrosion, with cracks and corrosion
penetrating along grain and tragment boundaries (Figs. 47 - 50).
A thorough search was made of the slow fracture regions of these
oorrosion-a t igue specimens, looking particularly for striations
and other features indicative of fatigtue afracture. None were
found. Thus, the cracking was by the stress-corrosion mode until
the sample could no longer sustain the load and sudden failure
occurred.

Fracture in the X?080-T6 cylinder, which initiated on
the inner surfaces, was characterimed by a distinct ray pattern
at the initiation point and striations in other areas of the
slow-fracture region (Pig. 51) both of which are characteristic
of fatigue failure. Practure in CH70-T7 also initiated on the
inside of the cylinder and was, therefore, of the fatigue type,
although typical fatiguo markings were not prominent.
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In a further characterization of fracture appearance,
specimens from forgings of 7079-T6, 7075-T6 and 2014RT6 subjected
to the fatigue and corrosion-fatigue test and of 7075-T6 exposed
to the stress-corrosion teat (constant load) were examined with
the TEM, using oxide replica techniques. For the corrosion-
fatigue specimens, the slow-fracture region had a faceted
appearance of the type shown in Fig. 52. This was in sharp
contract to the dimpled surface seen in the fast-fracture region
(Fig. 53), which is oharanteristic of tensile fracture. It also
differed greatly from the striation patterns characteristic of
the fatigue fractures (Fig. 54). The slow-fracture region of the
7075-T6 specimen in the stress-corrosion test also showed the faceted
appearance (Fig. 55). This confirms the conclusion that the
failures of these cylinders in the corrosion-fatigue test were
solely of the m'ress-corrosion variety.

b, Cylinders Exposed to Simulated Seacoast Environmentat 50% of Desinn Stress ....

Metallographic examinationn were made of the fracture
of cylinders of all products in which failures initiated on the
outside (7079 rod and forgings of 2014-T6 and 7075-T6). and of
7079-T6, 7075-T6 and X7080-T7 cylinders hav'ing inside fracture,
origins. The fracture of the shortest lived 2014-T6 specimen
had a granular appearance throughout the slow-fracture region,
and auxiliary cracks followed an intergranular path (Fig. 56).
Failure was therefore of the stress-corrosion type. The fractures
of a 7075-T6 and two 7079-T6 cylinders had a granular appearance
at the crack initiation point (Figs. 57 and 58) but ray patterns
(Fig. 57) and striations elsewhere. It was concluded that these
failures were of the fatigue type, initiating at stress-corrosion
cracks. The failures of some of the longer lived specimens
initlated at corrosion pits.

The cylinders having inside origins were of 7079-T6,
7075-T6 and X7080-T7. All had ray patterns from the origin as
well as fatigue striations away from the origin and were typical
fatigue fractures. Their appearance was of the type shown in
Fig. 51.

c. C-Rings Exposed to Simulated Seacoast Environment at
80% of Desian Stress

Metallographic examinations were also made of C-ring
specimens from forgings of 7079-T6, 7075-T6, X7080-T7 and 201W-T6
alloys. As has been described previously, these specimens were
taken so that the most highly stressed region in the C-ring was
at the parting plane of the forging. Thus, the stress was in the
short transverse direction with respect to the miorostructure,
the most critical situation as regards stress-corrosion cracking.
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Scanning electron microscope examinations of fracture
surfaces showed a purely stress-corrosion fracture in the one
sample of 2014-T6 examined. The fracture initiation region had
a very granular appearance and the ray pattern that has been
generally characteristic of fatigue was absent (Fig. 59a).
Elsewhere, the faceted appearance and intergranular penetration
typical of stress corrosion was evident (Fig. 59b).

In contrast, fracture surfaces showed a very definite
mixture of fracture modes in 7079-T6, 7075-T6 and X7080-T7 alloys.
At the fracture initiation points, ray patterns characteristic of
fatigue fracture were apparent but they were frequently rather
indistinct and had a granular appearance (Fig. 60a). In areas
primarily in the early fracture region, but not exclusively in
such regions, areas having the distinct features of stress-
corrosion cracking were apparent (Fig. 60b). In other regions,
generally more prevalent toward the end of the slow-fracture
region, the striation patterns typical of fatigue were found,
(Fig.60c). Thus, at high magnifications, there were no visible
indications of interaction between the two fracture modes. The
change in the appearance of the ray pattern at the fracture
initiation point, however, is definite evidence of interaction.

Additional evidence of the mixed-fracture mode was
seen in light microscope cross sections of auxiliary cracks in
C-ringa of 7075-T6 and X7080-T7. These examinations were
complicated by the fact that the alloys were unrecrystallized and
either fatigue or stress-corrosion cracks would develop in the
same general direction. At relatively low magnification (Fig. 61) the
mixed modes are suggested, and at higher magnification, separate
areas in which cracking followed intergranular and transgranular
paths were observed.

d. C-Rings Exposed to Simulated Seacoast Environment at
50% of Design Stress

Metallographic examinations in this group were concerned
only with the stress-corrosion-susceptible alloys 7079-T6, 7075-T6
and 2014-T6. In the 7079-T6 specimens examined, considerable
corrosion of the fracture surface made diagnosis uncertain. It
appeared, however, that failure was of the mixed-mode type as had
been the case at the higher stress level. With the 7075-T9 and
2014-T6 specimens, failures were definitely of the mixed-mode type,
showing an indistinct ray pattern near the origin and separate
areas of intergranular faceted fracture and fatigue striations.
Appearance was similar to that shown In Fig. 60.
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e. Cylinders Fatigue Tested in Air

In the fatigue tests of cylinders in laboratory air
at 50% relative humidity, it had been expected that failures
would initiate on the inner surface because the stress was
appreciably higher there than on the outer surface. In a number
of specimens, however, failure initiated on the outside surface.
SEM examinations were made to compare the surfaces of fractures
initiating on the outer and inner surfaces. Fractures originating
on the inner surface were characterized by ray patterns at the
origin and pronounced striation patterns (Fig. 62). Some of those
originating on the outer surface showed the same characteristics,
indicating that they were of the fatigue variety and had presumably
initiated at a stress raiser. Other fractures originating on the
outer surface had a granular pattern at the origin and no semblance
of a ray pattern (Fig. 63a). Away from the origin, however, these
fractures showed the pronounced striations characteristic of
fatigue (Fig. 63b). Thus, cracks of this type were substantiallyfatigue cracks having a stress-corrosion crack as their origin.

f. Effect of Cycle Rate and Waveform in Fatigue

Earlier in this report it was pointed out the hold
period at maximum stress and the rate of cycling had an apparent
effect on fatigue life. SEM examinations were made to determine
whether this difference was reflected in fractographic features.
For this comparison, two 7075-T73 cylinder specimens, both of
which had failed from an inside origin, were selected. One had
been stressed sinusoidally at a rate of 20 cycles per minute;
the other had been stressed at 0.15 cycles per minute with a
hold time at maximum stress of 5.4 minutes on each cycle. The
appearance of the fractures at the origin and at approximately
equal distances away from the origin is shown by Fig. 64. There
is indication that the ray and striation patterns are more distinct
with the combination of slower cycling rate and hold time, although
more samples would have to be examined to determine whether this
was the general case. Measurements indicate a somewhat faster
propagation rate for the slow rate-hold time combination. This
difference in striation spacing is roughly proportional to the
fatigue lives of the specimens (22,000 vs 39,000).

g. Effect of Specimen Life in Corrosion-Fatigue Test on
Fracture Appearance

In the corrosion-fatigue tests of cylinders stressed to
80% of design stress, most specimens of the stress-corrosion-
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susceptible alloys 7079-T6, 7075-T6 and 2014-T6 failed after
relatively short lives. All those examined failed by a purely
stress-corrosion mode. To answer the question of whether
fracture appearance differed with test life, special examinations
were made of two cylinders from 2014-T6 rod having lives of 1573
and 18,920 cycles. The slow-fracture region of the short-lived
specimen had a granular faceted appearance throughout, similar
to that shown in Fig. 48. The long-term failure had primarily
the same appearance, although because of the longer exposure,
the grains near the origin were heavily pitted after the stress-
corrosion crack had passed (Fig. 65a). Near the outer edge of
the slow-fracture region, however, and Just before ultimate
failure, a few areas of fatigue striations were observed (Fig. 65b).
While the two types of failure were found on this fracture, no
interaction of one failure mode with the other was observed
and the failure was Judged to be of the stress-corrosion type.

h. Possible Stress-Corrosion-Fatigue Failure Mechanisms

The mixed mode failures suggest one mechanism by which
stress-corrosion and fatigue can interact in a corrosion-fatigue
test. A number of fractures initiated as stress-cor~rosion cracks
and then changed to the mixed-mole type. These were characterized
by regions having the features of either stress corrosion or fatigue
without any other distinctive features that could be attributed to
the combination of the two. Other investigations$ have shown that
the propagation of stress-corrosion cracks is highly dependent
on the directionality of grain structure with respect to the
stressing direction, Combining these observations suggests that
the mixed mode cracks were stress-corrosion cracks as long as
a favorable grain orientation was available. When a region having
unfavorable boundary orientation was encountered, the stress-
corrosion crack would be stalled while it sought favorably oriented
structure to either side of the difficult area. This would
increase the local stress on this area and, with the cyclic
stressing, fatigue action would breach the obstacle. Once the
unfavorably oriented area had been passed, stress-corrosion
cracking could resume.
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SECTION VII

CONCLUSIONS

The corrosion-fatigue and stress-corrosion performance

of several high strength aluminum alloys was investigated by
tests of hydraulic cylinders, C-rings and axial-stress fatigue
specimens. Specimens were prepared from forgings and forging
stock of alloys 2014-T6, 7075-T6, 7075-T73, 7079-T6, and X7080-T7
and also from premium cast alloy CH70-T7. The cyclic loads of
the cylinders and C-rings in the corrosion-fatigue tests were
in the 0.15 to 10 cpm frequency range and included a hold time
at load to allow time for stress corrosion to occur. The
investigation led to the following principal conclusions for the
tests in the corrosive environment.

1. In general, it was demonstrated that stress-
corrosion cracking may occur under cyclic loading, especially
at low frequencies, and that stress corrosion and fatigue can
interact under certain conditions to produce failures in shorter
times and fewer cycles than for either phenomenon occurring by
itself.

2. Electron microscope examination indicated failures
to be either pure stress corrosion, pure fatigue, one followed
by the other, or mixtures of the two, depending on the alloy and
temper, stress level, rate of cycling and conditions of exposure.
Mixed mode failures generally started from stress-corrosion origins.
Apparently, these cracks propagated by stress corrosion where the
grains were favorably oriented and by fatigue in other areas.

3. Overall, alloy 7075-T73 gave the west performance;
no stress-corrosion failures occurred in this alloy. The lives
of forged cylinders loaded by cyclic internal pressure to 80% of
design stress in a simulated seacoast environment were at least
10 times as long for 7075-T73 as for alloys 2014-T6, 7075-T6, and
7079-T6.

4. Stress-corrosion cracking did not occur in any ofl
the premium cast CH70-T7 specimens. Alloy X7080-T7 also
demonstrated good resistance to stress-corrosion cracking, with
no failures of this kind occurring under most test conditions.

5. All but one of the cylinders of alloys 2014-T6,
7075-T6 and 7079-T6 that were cycled to 80% of design stress
developed stress-corrosion failures. Stress corrosion also
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occurred in some of the lower stressed cylinders and many of
the C-rings of these alloys.

6. The static stress-corrosion tests of C-rings
ranked the alloys in the following decreasing order of
resistance to stress-corrosion cracking:

(1) 7075-T73, CH70-T7 (no failures)

(2) X7080-T7 (some failures at 80% of design stress)

(3) 2014-T6, 7075-T6, 7079-T6 (susceptible at
30, 55, and 80% of design stress)

This is also the general ranking obtained in the stress-corrosion-
fatigue tests of cylinders except that alloy X7080-T7 ranked ahead
of CH70-T6 in the cylinder tests.

7. Although the corrosion-fatigue tests of coupons
did not rank the alloys in the same order as that obtained in
the stress-corrosion-fatigue tests of cylinders, the results
of this investigation suggest that for given service loading
conditions a useful laboratory test using coupons could be
developed.

The following observationsalthough not having a direct
bearing on stress-corrosion-fatigue behavior, are also of interest:

1. Reducing frequency of loading and introducing a
hold time at load reduced by 50% or more the fatigue lives of
the wrought cylinders which failed by fatigue action. However,
the difference in load cycle did not appear to affect the lives
of the cast cylinders.

2. The fatigue failures of some of the 7079-T6
cylinders tested using sinusoidal loading in laboratory air
appeared to develop from stress-corrosion cracks.

3. When tested in air, alloy CH70-T7 generally had
significantly lower fatigue strengths than the wrought products,
even though it performed better in stress-corrosion-fatigue than
several of the wrought alloys.

4. For the die forgings the fracture-toughness values
obtained in the transverse and longitudinal directions for alloys
7075-T6 and 7079-T6 were almost as high as those of 7075-T73
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and X7080-T7. Alloy 2014-T6 rated the lowest from a fracture-
toughness standpoint. For transverse specimens the fracture
toughness of the alloy CH70-T7 was higher than that of any of
the wrought alloys.

5. The crack sizes (fatigue or stress-corrosion
crack) which were associated with unstable fracture of the
cylinders correlated well with values predicted from the
fracture-toughness tests.

6. In the static stress-corrosion tests the simulated
seacoast environment proved to be quite similar to actual
seacoast atmosphere both as regards the stress levels causing
failures and the extent of general corrosion.
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SECTION VIII

RECOMMENDATIONS

The results of this investigation serve to emphasize
the complex nature of the stress-corrosion, corrosion and
fatigue interaction. It is proposed that additional work be
done to provide more information on the stress-corrosion-
fatigue behavior of high-strength aluminum alloys, as follows:

1. Additional tests of cylinders should be made to
fill in some of the gaps in the results for the alloys evaluated
in this investigation. These should include tests under a steady
stress in a stress-corrosion environment of alloys 2014-T6,
7079-T6 and X7080-T7, for comparison with the results of
stress-corrosion-fatigue tests reported herein. Additional
cylinder tests should be made at higher loading rates in the
corrosive environment to obtain more information on the inter-
action of corrosion and fatigue. The effect of loading rate
on fatigue strength in laboratory air is also in question as
a result of this investigation, and some additional tests
should be made to provide further data on this point. Finally,
a few tests should be made at different hold-times under stress
in the fatigue cycle to determine whether the time to stress-
corrosion failure under intermittent loading depends more on
the time under stress or the total time in the corrosive
environment.

2. Because the corrosion-fatigue tests of cylinders
appeared to be effective in rating alloys in regards to
performance of hydraulic cylinders in a relatively mild saline
environment, additional tests of this nature should be made to
evaluate new forging alloys such as 7175-T736, 7049-T73 and
MAl5-T7X.

3. The test of C-rings should be modified to
provide more uniform specimen exposure and to obtain more
rapid stress corrosion, with reduced local corrosion. With
these alterations C-ring tests should provide an economical
method of seeking answers to some of the following basic
questions regarding the stress-corrosion-fatigue interaction:

A. What effect does the interaction of stress-
corrosion mode of failure and fatigue mode
of failure have on:
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(1) Relationship between stress and cycles to
failure in fatigue tests?

(2) Relationship between stress and time to
failure in stress-corrosion tests?

B. In what range of cyclic loading conditions
will stress-corrosion cracking occur?

C. Will some conditions of cyclic loading lower
the threshold stress for stress-corrosion
cracking obtained in static tests?

D. What effect does aging treatment have on above
factors?

3I
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a Cross-section through C-ring from 20114-T6 rod stock, stressed to
80% of design stress after 44 days' exposure to alternate Immersion~
Many short stress corrosion cracks of the type illustrated were
found. (X100)
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CI.

a Cross-section through C-ring from 7075-T6 rod stock, stressed to
80% of design stress after 44 days' exposure to alternate immersion.
Many short stress corrosion cracks of the type illustrated were
found. (XlO0)

4 .x ., " '"-' d '

b Higher magnification of region outlined above more clearly showing
the intergranular nature of the cracking, which is typical of
stress-corrosion cracking in aluminum alloys. (X500)

STATIC STRESS-CORROSION CRACKING OF C-RING FROM 7075-T6 ROLLED ROD
STOCK IN ALTERNATE IMMERSION TEST

65
Fig. 30



a
Cross-section through one of the C-rings from 7075-T6 die forging
stressed to 30% design stress after 293 days' exposure to the simu-
lated seacoast environment. These rings were removed from test
because of exfoliation in the test region but microscopic examination
showed small stress corrosion cracks were also present. (X100)

~~~~~~~~~~~.. ............... " . -.......... • ..-.-.. ,.. ..... " ." "....... : •,•:" -..
.

2ý ~ ~ C 'Z t__?rt.:`"

N d0

b
Higher magnification of region outlined above showing the crack ia
following an intergranular path, which is typical of stress-
corrosion cracking in aluminum alloys. (X500)

STATIC STRESS-CORROSION CRACKING OF C-RING FROM 7075-T6 FORGING
IN SIMULATED SEACOAST ENVIRONMENT Fig. 31
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Maximum Stress a 80% of Design
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Maximum Stress - 80% of Design
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FRACTURE OF 7075 T73 CYLINDER NO. 7 RESULTING FROM FATIGUE CRACK
PROPAGATING FROM INSIDE SURFACE (WALL THICKNESS 0. 350 IN.)

72 Fig. 36



FAILURES OF CH70 T CYLINDERS RESULTING FROM FATIGUE CRACKS
PROPAGATING FROM INSIDE SURFACE (WALL THICKNESS 0. 364 IN.)

73 Fig. 37
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Single initiation site in Fig. 38 at highermagnification$, showing gradual transition f'romslow-fracture to fast-fracture region (X5).
Figure 39

M~ulitple cracking~ sites and differe~nce ina F) 1)aranrue of' ý;ow and f- st-t'racture regionsiuiautrol of 2014'-,v6 and 707,5-'16 cy,11ntzcjtu

Figure 40



Multiple auxiliary cracks adjacent to main

fracture in 7075-T6 corrosion-fatigue specimen (X30).

Figure ~41

Multiple auxiliary cracks adjacent to main
fracture Iii 2014-T6 corrouion-fatigue specimen (X30).

Figure 42



-1 411'4

Intergranular and interfragmentary path of
one of the auxiliary cracks (Fig. 4I2) in 20114-T6
cylinder in corrosion-fatigue test (X500).

Figure 243

Intergranular and interfragmentary path of
auxiliary orack (Fig. 41) in 7075-T6 cylinder
from corrosion-fatigue test (X500).

Figure 44

77
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Intergranular and Interfragmentary path offauxiliary crack in 7075-T6 cylinder from stress-
corrosion test (X500).

Figure 45
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Cross secions of axiliary cack ncyidr

from rod exposed tocorosonftiu tes (X50)

Figur 46** 1 *~'- ~79



Scanning ele..ctron micrograph (SLEM) of fracture
surface in slow-fracture region of '(079-T6 cylinder
in cor.',sion-fatigue test (X1OOO).

Figure 147

SEM of fracture surface in slow-fracture region of
2014-Tr6 cylinder in corrosion-fatigue test (X1600).

Figure ~48

80



SEM of fracture surface in slow-fracture region of
7075-T6 cylinder ir, corrosion-fatigue test (X900).

Figure 49

SEN of fracture surface in slow-fracture region of

7075-T6 cylinder in stress-corrosion test (X1000).

Figure 50

T

81
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a Ray pattern at origin (X70)

b Fatigue striations (X2600)

"SEM of slow-fracture surface (inside origin) of
cylinder from X7080-T7 forging in corrosion fatigue test.

Figure 51

82
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Transmission electron micrograph typical of
fracture appearance in slow-fracture region
of 7079-T6) 7075-T6 and 2014I-T6 cylinder in

corrosion-fatigue test (X15,OQO).

Figure 52
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TEM showing dimpled rupture characteristic
of tensile failure In fast-fracture region ofcylinders in corrosion-fatigue test (X15,000).

Figure 53
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TEM showing faceted appearance ofslow-fracture region of 7075-T6 cylinder
in stress-corrosion test (X15,000).

Pigure 55
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Figure 57 Granular appearance at origin and

adjoining ray pattern (X50).

Vo•

Figure 58 Granular appearance at origin (X500).

Fracture appearance typical of 7079-'T'6
and 7075-T6 cylinders in corrosion fatigue

test at 50% of design stress.
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a Granular appearance at origini (X50)

b Faceted appearance and intergranular
penetration (1000X).

SEM of fracture of C-Ring from 2014-T6
forging exposed in corrosion fatigue test.

Figure 59
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a Ray pattern at origin (X60)

b Fatigue striations (X2400)

SEM showing appearance typical of fractures
having inside origin in cylinder

subjected to fatigue in laboratory air.

Figure 62
92



a Oranular appearance at origin (X280)

b Fatigue striations (X2400)

SEM showing appearance or fracture having
outside origin in cylinder subjected to

fatigue in laboratory air.

Figure 63
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a Intergranular penetration and pitting
on grain surl'ace (X850),

b Fatigue etriations near end of
slow-fracture region (X1300).

SEM of frecture surface of cylinder from
2014-T6 rod having long life in

corroaion-fatiguu teot.

Figure 65
95



TKNSiIK RO1 IK3 OP MATRIIIAI

Loniitudinal ,ranlvebeb TraAiiuv ARt. -•rZ-- ro------- T$naIze *tZ.Tnte Hz

a"4 Somple atrongth, atrengthi, Kloni Olnt.pth, tronKgh', tion, ,I Stren;th, Strengthn. Nlong, S
0..S.A.Wi.. N gaL I l in, kil kfl In N in. t in I ln,

7fl?0-?1 Rolled rod 31497S 79,6 66,0 15.0 6,8, 11.0 ,0

RI:4 ?y 7 .... .... ..

PIP formilng WWI)3 0. 69.0 17.0 86 70,9 11.5 78,1 66,8 6.5

Me4Ind 7s 65 3 71 52 3

?0?-.-T71 Ronlled rent A40376 69. 6  51. 15 1! 66.6 55.6 1210 .. ... ..

AV IN 51H 1 D I25Men be §b la .... .... ...

Die forging 31i02, 7 1, 1 67 7 16 .000 76. 66. 0, i

Mtn 6 %6 7 62 5o 3 62 53 3

?019-4% VIloed rod 311977 ??.1 66.2 1510 Y772 67.1 . ...

Av U4 H4 If4 IT.I LU
AV 77. 617 V "7 6.4

min 11 ....--- .... . .

Die foirging 3111011,4,,4 611 .3 1' 7 67.8 12.0 75.. 67.6

o..,,,,. U7. MIT -r " F 17-U" .... ".... ..

141 0 62 7 70 60 3 70 60 3

X?060-TY Mtiulls rod 3111978 63.9 32.7 150 0~.6 51.0 10.0 ..

A I ILI ALI 1W

Av FF~o ".l end 1`47 Galeoth

file forging 31¶$069 71.1 63 11.0 70.6 6215 65 70.1 61.9 6.5

Mmi 65 67 63 55 2 554

10141-T6 Rolled red 3111979 71.41 66, 1110 6ole 61.7 C6.0.

Avg PN U7 um WWI -K
Mtn 1 55 ... ..

No. forging 31S021 43'sl. 12.0 70.3 63,1 7.0 70.0 62,5 5.0

Avg ~ti T t 6.1. ." 97
Min 55 55 5 F 5. 3 01 51 3

CH70.17 Premeium 3111911 9. 63.3 8.0 OleB 60.1 6.00' .. ... ..

ogit liii Avg ih .4 4t
"MIn 60 so 60 ¶10 5

a offset equlal 0.2 per sent,
b Tanamitial speclimens parallel to parting p lant, If tiny.
c TAngtential sp 8ien :perpndioular to partin pane,
di Mechanical proper~ty r Imto trom Alcoa AwmlwlnliaHlandbook' (1967) where specified, Otherwise, minimume are tvntativo.
9 Fai led near ond of galls length.
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TABLE V•II. RESIULTS CIOP FATIGUE TElWTS (IF HYDRAULIC CYLINDERS
Alloy t071,-T6

FatiguvLoading
1

3) Max. Description of Failure

Environment Cyll nder Spec. P-rssure, Freq. Strena , No. of Type Initiation PoSit ion(4) PartIngStock No. p 01 cpm ks t ClI en Plane

Maximum Stress - 80% or Design Value

Lab Air(] Die forged 6 8,000 20 37.9 22,800 Fatigue Inside - No"8 31,800 Fat Iue - Yes
9 " " 40,800,o Fatigue " Yes
5* " " " 68 300() Fatigue " Yes

log-mean-li fe 31,100

Seacoast(2) Die forged 1 8,000 0.148 37.9 889 SCC(6) Outside 2:00 Yes
2 " i,169 SCC " 2:00 Yee:
3 " " " 457 220l 1O: 00 Yea

log-rlexan-li fe I 1 ,1O

Seacoast Rolled A 8,000 0.148 37.9 2,760 sCC() Outside I:00
i ". 6,570 CC 10 : 30
C " " " 14 490 Fatigue Inoide 11 :00

log-mean-I fe 6T0

Maximum Stress - 65% of Design Value

Lab Air Die forged 4V 6,500 48 30.8 505,100 Fatigue(6) Outside - Yes
7*"l " ", Fatigue Inside - No

log-mean-life 211,0

Maximum Stress - 50% of Vesign Value

Lab Air Die forged 49 5,000 48 'j.7 8,000,O00 None

7*

Seacoast Die forged 10 5,100 3 23.7 213,590 "'CC-Fatigue(b) Outaide L:30 Yea o
II " " 60,500 FatIgue1 61  Inside 1:00 Yes
12 l-e-i Pa Fatigue Inside 9 : 30 Yes

lor,-meian- I I re 8 7,0-0

Seacoast Rolled D) 5,000 3 23.7 9 i,'00 Fatigue(6) Outside(9) 7:30
E " 115,300 Fat lIue Inaide 5: 00
V j±14mi Fat l rue " IC: 10

I or-me•if - I I I"! 20P,000

Maximum -trexa - 308 of .e::n!1| Value

Lab Air Die forged 4 3,000 60 14,2 6,059,610 None

7 H . . H

(I) Circulatlng lal-oratory air at 50 ')% relativ,' humidity.

(2) Specimen enclotsurex xubjected to 1-mm., Inrlections of warm :;ait m|;lt at 12-hr Intervals. For l',laI: ,I t ill, .1,.: rn,.:
were expaoed to circulating laboratory air a:3 In (1).

(3) For texta In laboratory air hydr'iu li preo;3ure a.yiJod slnfuý,old;:l: v bttweten minimum presnur"- of i00 t,, 4WO p.1; arnl
maximutm indicated. For irate In -:vcacoa:lt otnviloniment p fiu: lol l ah, maximum Indclat•-d for 801 oi ':ycILe tine,
then dropped anu:msoidally to minimum of '00 to 400 psl.

(4) For tests In secoaist envi l'f-tm,-nt, ::alt (ui ldup and :orronio n, itrrjdhit wqta ficaviPst on top ai1de ()f opeelfen (11 t

o'clock position).

(1) Not Included In lop metan life.

(I ili.10d on ca oprpi exalydinatt ix , teo n vi lual arppearanioýý

(. I) )I: r . +i -t' ,rt•' ion ri'

lofpeiens t.Al, prfio loading hinluryy, ,!I inliiate'l,

103



Knvi~rorment y iniar Apso# 41(4jI?1101w Il o TOO$ IAI141 P

11,W on p" lam1,o e A116R

op " 1• " *I ,O , PutI€tie (tit * |

0aeoAat~ Die rAe4d )0 A)_- ':,o to 8"* 4111,W Noll rovie4 Vea.

44 W a a a

3060040% Pulled A 4git. If '"1 001140 Not
eelu 1f 100

Lab Ali, Die forqiod 4: S,)0a" $%~,*so N~:0 UOA O
isa~~ Patluta. 001tali Vol

Se3o66e Die forged 10 %,0110 09,111 POVIMO 16 14t 00

itI Il0 PiataImI 4

P 40 Pem s• Up a N)dO

lotmo-li.-I IN,. J1,110

Lab All' Die forged 0 6OOO t160 fi, W W No.,

(1) CIroulating laboratory air at SO +$ relative ha•"IlIty,

(') Specimen eneloeure. aabjeoted to 1-min, ,.3Jottonns of warim Ralt mist at -1'hi thtw'11%la, ('1% balas.of timeI" apecoi"na
were otposed to Cl roultlng labor1•,"y at, Ad in (1),

(3) Por tests in laboarato.y air hydraulic pressure cycled aln01ot1i110 bel46en minim preamure Q 10(;'k t-1 4 dt rsk And
maximum Indioated. Por testa In seacoast orvironment pro% rstre he it is 4 *I14P tAiloated for lot a, cycle tos, then
dropped sinuseidally to mini.mum r 2f00 to tI0 pai,

(4) Per testae tn oaost onviroqnto, salt -1lidup and corroslon protiue' wAi heaviest an top 6140 of spoolmen (0 to I

o'clock position),

(6) based on me'•l.sii.rophio examination,

(7) Initiation posaibly from itrfai-corrnaictn crack,

*Specimens had prior loading history, ao Indloated,

10 1 5
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TABLE XVIII. RESULTS OF FATIGUE TESTS OF C-HM1GS
ALLOY X7080-T7

Fracture LocatL o

Spec. Max. StreF- Freq,* No. oT Maximum Moment,
Environment Stock No. kai cpm Cycles Degrees Poestion Romat1ke

ftxlmum Strest - 80% of Design Value

Die ApproxLab Air Forged 3 3.6 36 125,500 0 0,2" from
edge

38 
2,681,800 5

37 " 326 ,300 0
39 3" " 00 0

Log-mean-life 14,261:000

Seacoast Die 32 34.6 1-1/2 34.800 5 Mixed SCC and fatigue
Forged 31 I 35,500 0

33 " 4 4 O
Log-mean-life

Seacoast Rolled B 34,6 1-1/2 l00,8O0 20
A 116.300 5C It 17120 5

Log-mean-life

Maximum Stress - 65% of Design Value
Die Approx

Lab Air Forged 36' 28.1 26 88.800 0
35e " " 3.128,100 0

Maximum Stress - 50% of Design Value

Die Approx
Lab Air Forged 34e 21.6 36 10,788,0On None356 "11

3 6e

Seacoast Die 40 21.6 10 1,879,700 0
Forged 42 " 1,965,900 0

41 2.213.80Q 5
Log-mean-liFe 2,020,000

Seacoast Holled D 21.6 10 2,327,100 0
E " ',353,400 15

4 001F0 None
Log-mean-life 2,820,000

Maximum Stress - 30% of Design Value
approx '

Lab Air Die 34 13.0 36 2,462,600 None
Forged 35 .

36 " "

Notes

(1) Circulating laboratory air at 50 + 5% relative humidity. ,
(2) Specimen enclosures subjected to 1-min. injections of warm salt mist at 12-hr. Intervals. For balance of time

specimens were exposed to circulating laboratory air as in (1).
(3) Minimum stress in cycle approximately 0.4 kel.
(4) Failure origins within central halF of specimen unless noted otherwise.

0 Specimen had prior stress history as Indicated.
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TABLE XXVIII

RESULTS OF FATIGUE TESTS OF HYDRAULIC CYLINDERS
IN NONCORROSIVE ENVIRONMENT

Cylinder Description of Fatigue CrackQ00
Dimensionsain, Max. Test Cycles to Point of Max. Max. Shape

Alloy Product . Wall Spec. Stress Failure Initig- Depth, Length,
and No. ksl" tion(ei) asin. 2cin.

Tenmer

7075-T6 Die Forging 3.101 0.300 7 30.8 88,290 In 0.23 0.64ý
4 30.8 505,100 Out-P 0.28 0.96
6 37.9 22,840 In 0.23 0.66 .
8 37.9 31,760 In-P 0.17 0 44------_ ý
9 37.9 40,760 In-P 0.20 0.58 .W _
5 37.9 68,260 In-P 0.15 0.44Z: -

7079-T6 Die Forging 3.113 0.306 4 23.4 89,590 Out-P 0.31 0.85&W
5 23.4 149,900 In(b) 0.30 Q.77- .--- m
6 23.4 587,500 Out-P 0.21 0.61M3
7 37.4 3,960 Out-F 0.16 0.38------ -
8 37.4 27,860 In-P 0.19 0 • 6K.
9 37.4 38,110 Out 0.20 .

X7080-T7 Die Forging 3.161 0.330 6 21.6 1,361,500 In-P 0.30 0.98&M
4 28.1 80,630 In 0.27 6.88

28.1 147,560 Out 0.31 0.9.&=a
34.6 12,070 In-P 0.19 0.61!==

7 34.6 20,680 In 0.21 0.65EMI
9 34.6 41,760 In-P Q.22 0.63--E

2014'-T6 Die Forging 3.177 0.338 5 21.4 2,176,800 Out 0.30 1.0 7.
7 27.8 97,480 In o.20 0.1488
4 27.8 219,240 Out-P 0.24 0.72ES.
8 34.2 46,050 In-P 0.17 0.44 - ýi

10 34.2 65,590 In-P 0.20 0.50[
9 34.2 87,160 In 0.18 0.64

7075-T73 Die Forging 3.201 0.350 6 26.8 5,311,800 In-P 0.25 0.840
4 26.8 7,001,500 -- No Failure
7 33.0 39,280 In 0.26 0.87•--
8 33.0 48,790 In-P 0.23 0.70• f
9 33.0 49,560 In-P 0.28 0.806f .
5 33.0 57,310 In 0.23 0.82

CH70-T7 Ppemium 3.229 0.364 5 12.0 649,800 In(b!) 0.36 0.8 3-M
Casting 6 12.0 714,100 In(b') 0.36 0.94 14

4 12.0 904,000 In(b.) 0.36 0.89

7 32.0 10,170 In 0.36 1.39-- k
32.0 10,370 In 0.28 1.65

9 32.0 10,970 In(b6) 0.36 12

(6) "In" or "Out".refers to interior or exterior surface of specimen;
-P Indicates failure in parting plane of die forgings.

(c) Fatigue cracks penetrated outer surface, stopping t.est, but there was no general failure.

Specimens No. 7 and 8 of CH7O-T7 developed cracks 5 and 6-1/2 in. long, vespectJvely.
In all other cases the fatigue cracks led to general instability failure, with
splitting over entire length of test section. ¾

) a - max. depth of fatigue crack through thickness of cylinder wall.
2c- Max. length of fatigue crack, normal to "a" direction
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